Molecular-scale electronics is developing rapidly 1 because of advances in the synthesis of suitably tailored organic structures, bringing us closer to the ultimate miniaturization of nanoelectronic devices. 2, 3 In a recent success, the Stoddart and Heath groups designed rotaxanes (which have a ring molecule encircling the dumbbell-shaped molecule in Scheme 1) that function as a programmable electronic switch. [4] [5] [6] [7] [8] [9] There are two likely sites for the ring molecule to localize: the tetrathiafulvalene group (TTF) in the left half and the 1,5-dioxynaphthalene group (DNP) in the right half. The experiments showed conclusive evidence of two distinct states (one with a resistance 10-100 times that of the other) and that the system could be switched from one state to the other by applying a sharp address voltage or applying a suitable oxidant or reductant. It is assumed that the switching behavior arises from the difference in conductivity between the two states. However, the atomistic-level mechanism of the switch is still unknown.
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To provide the molecular-level understanding necessary to design and optimize such nanoelectronic devices, we initiated theoretical studies of the switching mechanism for the bistable [2] rotaxane shown in Scheme 1, which is based on formula I in Figure 3 The calculation of electric conductivity at the atomic level is now well established. [10] [11] [12] [13] [14] The I-V curves calculated by combination of quantum mechanics [15] [16] [17] [18] [19] and Green's function theory [12] [13] [14] for the two states of the rotaxane molecule are shown in Figure 1 . Current flow through the state with the ring on the DNP group (R-DNP) increases almost linearly to 1.5 nA from 0 to 0.25 V bias and reach its maximum of 1.8 nA after 0.3 V. However, current through the state with the ring molecule on the TTF group (R-TTF) increases only to 0.05 nA at range from 0 to 0.5 V, shown in Figure 1b . The calculation results show large different conductivities between the R-DNP and R-TTF states. For applied bias from 0.01 to 0.2 V, the calculated ON/OFF ratio increases from 37 to 58 and decreases to 39 from 0.2 to 0.5 V applied bias. This ON/OFF ratio is comparable to experimental values 7 of 10-100. This suggests that the simulation has captured the essence of the experimental system. In particular, we find that the switch is OFF when the ring is on the TTF group (R-TTF) and ON when the ring is on the DNP group (R-DNP). Exactly this same assignment was previously proposed. 4, 8 Next we examine the orbital basis for the switching behavior. The frontier MOs, including highest occupied molecular orbital (HOMO), lowest occupied MO (LUMO), and nearby orbitals of the R-DNP and R-TTF states, are shown in Figure 2 , respectively. More MOs can be found in the Supporting Information. These MOs contain contributions from four groups of atoms: Au electrode atoms at each end, the TTF group, the DNP group, and the ring group. We find two states with distinct I-V differences:
• R-DNP state (ON): The HOMO is delocalized over the TTF and ring groups. The LUMO and LUMO+1 (0.1 eV above the LUMO) are delocalized over the TTF and ring-DNP groups. HOMO-1 is localized near the upper Au electrode.
• R-TTF state (OFF): HOMO-2 is localized at DNP; LUMO and LUMO+1 are localized at the TTF. HOMO-1 and HOMO are mostly localized at the electrodes.
Since the transmission function determines the electrical properties of the system, we establish a correspondence between the molecular MOs with the peaks in the transmission function. The correlation is shown in Figure 3 . The frontier MOs exactly match the peaks in the transmission function (except for the MOs localized on Au, which do not contribute to conductivity). For the R-DNP/ ON state, HOMO, LUMO, and LUMO+1 correspond to the three peaks in Figure 3 where HOMO contributes the highest peak (blue) because it is the most delocalized MO. For the R-TTF/OFF state, the HOMO-2, LUMO, and LUMO+1 lead to three peaks (pink). These MOs are localized, leading to transmission peaks 10-1000 times smaller than the peaks of the ON state. Thus, we conclude that the characteristics of the MOs around the Fermi energy determine the electrical conductivities of the Au-rotaxane-Au system.
With a plausible mechanism for understanding the switch in the rotaxane system, we can now use this mechanism to design improved devices. For example, chemical groups could be attached to the rotaxane molecule so as to shift the frontier orbitals to make them more localized for the OFF state and/or more delocalized for the ON state. Therefore, to optimize the rotaxane switch, we are considering changes such as those in Scheme 2, where each component of the switch can be functionalized separately. Which group best optimizes the switch depends on which frontier orbital is tuned. To illustrate the procedure, we added a CN group, an electron acceptor, on the DNP site to shift the characteristic of that orbital and change the distribution of the frontier orbitals. The red curve in Figure 3 shows the transmission with CN modification. The CN addition makes LUMO+1 more localized, leading to a smaller transmission. This suggests that we should add the CN instead to the TTF region.
A second reversible molecular switch consisting of a metalmolecule-metal sandwich has been reported recently. However, the mechanism in this switch has been demonstrated to result from the growth and dissolution of metallic nanoparticles, 20 quite different from the Heath-Stoddart system we consider here. This molecular switch may be similar to Yang's bistable contact/organic/metal nanoparticle/organic/contact device. 21 Summarizing, we used quantum mechanics to simulate the performance of the Stoddart-Heath rotaxane switch. We find two states with a ∼40-60 difference in conductance and determined that R-DNP is the ON state while R-TTF is OFF, supporting the mechanism proposed by Stoddart. 8, 9 The change in the delocalization of the MOs affected by the ring movement plays a key role in the switching mechanism. Using this mechanism, we can now estimate how changes in the chemical components will change switch performance, providing a design principle for optimization.
